Objective: To evaluate the local effect of small asymptomatic infarctions detected by diffusionweighted imaging (DWI) on white matter microstructure using longitudinal structural and diffusion tensor imaging (DTI).
Cerebral microinfarcts (CMIs) appear to be the single most widespread type of brain infarction. 1 Although the total number of CMIs is difficult to determine, mathematical modeling suggests they typically range in the hundreds or thousands. 2 These numbers suggest that CMIs may substantially affect neurologic function, a possibility supported by clinical-pathologic studies. [3] [4] [5] [6] It remains unclear, however, whether such tiny lesions (typically ,1-mm diameter 1 ) are capable of disrupting brain structure.
A prerequisite for analyzing the effect of CMIs is the ability to detect them in vivo. Two MRI approaches have been advanced to detect CMIs: high-field-strength structural imaging 7, 8 and diffusion-weighted imaging (DWI), which demonstrates restricted diffusion approximately 1 to 2 weeks poststroke. 9, 10 This narrow temporal window substantially limits lesion detectability, but has the virtue of providing information about lesion timing, making it possible to compare tissue structure before and after CMI occurrence.
We examined whether small DWI lesions cause structural changes detectable on postlesional follow-up imaging. To do so, we took advantage of the unique opportunity provided by our ongoing serial high-resolution MRI study of patients with cerebral amyloid angiopathy (CAA), a small-vessel disease associated with relatively frequent DWI lesions. [11] [12] [13] Postlesional changes were assessed by measuring alterations in magnitude and directionality of water diffusion with diffusion tensor imaging (DTI) 14, 15 as well as by high-resolution T1-and T2-weighted MRI. To determine the extent of the lesions' structural impact, we analyzed both the lesions themselves and their surrounding fiber tracts.
METHODS Study population. Study subjects were identified from a prospective cohort of patients with CAA who underwent serial MRI scans to assess the natural history of the disease. 16 The diagnosis of probable or definite CAA was based on the Boston Criteria. 17 Detailed information, including demographics, vascular risk factors, and characteristics of the presenting event, was prospectively recorded at the time of cohort entry. All subjects routinely underwent MRI scans including T1-weighted multiecho magnetization-prepared rapid-acquisition gradient echo (MEMPRAGE), T2-weighted fluid-attenuated inversion recovery (FLAIR) and diffusion imaging, which includes both DWI and DTI data acquisition. In 2011 to 2013, all study participants with a prior "prelesional" research-protocol MRI were prospectively recruited to undergo up to 5 research DWI scans over 2 years, which were reviewed in real time for the occurrence of DWI hyperintense lesions. Subjects with an identified DWI lesion in the white matter (defined as the "lesional" scan) were then prospectively scheduled for a "postlesional" follow-up research-protocol MRI. The postlesional MRI in one subject (subject C in the table) showed a new DWI lesion, and the subject was accordingly offered one further postlesional research-protocol study.
Standard protocol approvals, registrations, and patient consents. Study procedures were approved by the hospital institutional review board, and all participants provided informed written consent.
Image acquisition and lesion identification. All subjects underwent MRI examination of the brain on a 1.5-tesla Signa scanner (GE Medical Systems, Milwaukee, WI). DWIs and DTIs were obtained using a single-shot spin-echo, echo-planar imaging sequence with the following parameters: repetition time/ echo time 8,270/82 milliseconds, voxel size 2 mm (isotropic), acquisition matrix 128 3 128 3 64; 60 isotropically distributed diffusion-sensitizing gradients with a b value 5 700 s/mm 2 , and 10 b 5 0 s/mm 2 (b0). High-resolution FLAIR and MEMPRAGE images were obtained using methods previously reported 13, 16 with voxel size 1 mm (isotropic). All DWI scans were reviewed for the presence of lesions by a clinical neurologist (E.A.) and confirmed by a vascular neurologist (M.E.G.), using criteria previously described and demonstrated to have high interrater reliability. 13 After identifying a DWI lesion, the T1-weighted MEMPRAGE and T2-weighted FLAIR sequences on the postlesional scan were reviewed for any abnormal signal at the corresponding neuroanatomical coordinates using coregistration techniques (see below). One subject (subject A) did not have a FLAIR sequence on the postlesional scan.
Image processing. We created a control region of interest (ROI) in the contralateral hemisphere for comparison to each DWI lesion, using a multistep coregistration procedure (see full details in e-Methods and figure e-1 on the Neurology ® Web site at Neurology.org). Briefly, we applied nonlinear transformation from each subject's native b0 space to a common Montreal Neurological Institute (MNI) space via native T1 space, using tools from the FMRIB Software Library (FSL), 18 to create a transformation warp-field for the whole brain volume. This warp-field was used to coregister the DWI lesions to MNI space. A control ROI was then generated using the same neuroanatomical coordinates in the contralateral hemisphere in MNI space. Finally, the control ROI was transformed back into native b0 space using the inverse of the nonlinear warp-field. Precise localization of the control ROIs in native b0 space was verified by comparing the location of the lesion ROI and the control ROI on the color-coded fiber orientation maps using a standard color atlas 19 with manual adjustment as necessary and without reference to quantitative fractional anisotropy (FA) or mean diffusivity (MD) data to minimize bias. The lesion and control ROIs were then transformed to the prelesional and postlesional b0 native space datasets using a similar nonlinear coregistration process. Each b0 dataset is inherently coregistered to the DWI and DTI volumes, enabling quantitative analysis of diffusion parameters within lesion and control ROIs at each time point.
Diffusion tractography was performed by constrained spherical deconvolution. 20 Individual fiber bundles were delineated from the whole-brain tractography maps using an ROI-based approach (see e-Methods for details). Diffusion properties (FA and MD) were investigated within each ROI, within a 6-mm segment along the fiber bundle on each side of the ROI (figure 1, red tracts) and along the entire fiber bundle (figure 1, red plus blue tracts). All ROI determination and tractography were performed on the color-coded fiber orientation maps without access to the quantitative FA and MD maps. All cases were included in the longitudinal analysis of FA and MD within the lesion and control ROIs. Two lesions were excluded from the fiber tractography analysis: one (subject A) because of a large hemorrhage within the control fiber bundle and different DTI acquisition parameters (i.e., 30 diffusionencoding directions) on the follow-up scan, and the second (subject C, inferior frontal U-fiber lesion) because of inability to reliably reconstruct the tracts. In total, 9 lesions from 6 subjects were included in the ROI analysis and 7 lesions from 5 subjects were included in the tractography analysis. To minimize the effect of interscan variability as well as potential diffuse effects of progressive aging and small-vessel disease, we performed all longitudinal comparisons using the ratio of lesion-to-control FA and MD values for the ROIs, short-segment tracts, and full bundle of tracts as suggested by a previous report. 21 Statistical analysis. Our prespecified primary hypothesis was that incident DWI lesions would result in focally decreased FA and increased MD ratios within the lesion ROIs on postlesional relative to prelesional scans. Changes within the 6-mm segments surrounding the ROIs and within the whole fiber bundles (figure 1) were evaluated as exploratory secondary analyses. Comparisons of median FA and MD ratios were performed using Wilcoxon paired signed-rank test, and comparisons of pre-to postlesional change in FA and MD using paired t test. A threshold of p , 0.05 was used for significance.
RESULTS Six subjects (table; mean age 67 6 9 years) had a total of 9 DWI lesions; 5 of the 6 had a single DWI lesion, while one (subject C) had 3 lesions on one scan and a fourth on a consecutive scan. By design, all subjects had high-resolution structural MRI and DTI performed prior and subsequent to the appearance of the DWI lesions. The mean time interval between the prelesional and postlesional scans was 16.9 6 5.5 months and between the lesiondetecting DWI and the postlesional scans was 7.1 6 4.7 months. Eight of the 9 lesions were judged to be acute based on hypointense signal on the corresponding diffusivity map, and the remaining lesion was judged to be subacute based on isointense diffusivity. DISCUSSION The primary finding of this prospective longitudinal analysis is that small asymptomatic DWI hyperintense lesions are typically associated with microstructural alterations after a mean 7.1-month follow-up interval. These findings are consistent with the interpretation that these clinically silent, radiologically transient lesions represent small infarctions associated with persistent tissue damage. Because DTI abnormalities have been linked to cognitive performance, [22] [23] [24] [25] these data suggest that the ongoing appearance of new lesions may contribute to vascular cognitive impairment in CAA. 26 We did not find evidence of acutely or chronically altered DTI parameters along white matter tracts outside of the lesion, however, suggesting that any effects at greater distances from the lesion are insufficient to be detected in the current small sample. It is notable that these lesions produced chronic alterations in anisotropy and MD despite their very small size and subtle structural imaging characteristics. Six of the 9 lesions were associated with either no detectable T1 or FLAIR changes (4 of 9) or with T1 hypointensities (2 of 9) below the 3-to 15-mm range used to define "lacunes of presumed vascular origin" in the recently proposed Standards for Reporting Vascular changes on Neuroimaging (STRIVE), 27 even when imaged at high resolution with precise localization to guide the reviewing investigators to the lesion sites. Indeed, even the 3 largest lesions were small enough (5-6 mm in largest diameter) to potentially evade detection without this type of high-resolution, spatially localizing information. The lesions were nonetheless disruptive enough of tissue microstructure to yield reduced FA and increased MD ratios of sufficient magnitude to reach statistical significance in this small dataset. We did not find changes in FA or MD within the fiber tracts containing the lesions as have previously been identified in fiber tracts surrounding visible lacunar infarcts. 21 The absence of more widespread structural alterations suggests that the DWI lesions in the current study may be too small to produce measurable changes in downstream regions of white matter. An alternative explanation is that our method of normalizing all longitudinal DTI analyses to the contralateral control ROI to minimize interscan variability might bias toward a null finding, because the contralateral white matter tracts may also undergo progressive microstructural injury due to the effects of widespread CAA. Finally, our dataset of only 7 longitudinally imaged DWI lesions with tractography, although the largest reported to date, was underpowered for detecting modest effects. We note in this regard the nominally reduced FA ratio in the surrounding 6-mm fiber segments and the full lesioncontaining fiber bundle (p # 0.2 for both comparisons), suggesting possible lesion effects to be looked for in larger future studies.
The strengths of our study are its prospective longitudinal design, the coregistration methods for localizing lesion and control ROIs on pre-and postlesional scans, and the use of high-resolution MRI scans obtained by research protocol rather than in response to any triggering clinical events. The study also benefited from the temporal information provided by DWI, allowing us to identify the timing of incident lesions. The main limitation was our small sample size noted above, a function of the relatively low frequency (approximately 10%-15%) [11] [12] [13] of DWI lesions even among subjects with advanced CAA. Interpretation of our data is also limited by the absence of neuropathologic correlation for the asymptomatic DWI lesions, another important goal for future studies.
The finding of altered DTI characteristics in association with small incident DWI lesions is consistent with the possibility that these lesions directly contribute to clinical conditions such as vascular cognitive impairment. Although the effect of an individual lesion (even one large enough to be detected by DWI) may be modest, the cumulative effect of an estimated hundreds or thousands of cerebral microinfarcts 2 distributed throughout the brain may be substantial. In the Adult Changes in Thought Study, 6 for example, CMIs were 1 of 3 independent neuropathologic predictors (along with Braak stage and neocortical Lewy bodies) for dementia, demonstrating an impressive 33% adjusted population attributable risk. Alterations in local and global brain network properties measured by MRI-based tractography have been found to correlate with information processing speed in type 2 diabetics 24 and mild cognitive impairment, 28 offering a potential mechanism by which small distributed lesions could generate cognitive impairments. The alterations in DTI parameters identified in the current study add a new link to the potential causal pathway between CMIs and neurologic dysfunction. They also serve to highlight the importance of ongoing studies to detect these tiny lesions and their impact on tissue structure in living patients. 7, 8, 29 
